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Literature search  

A Pubmed search was performed in August 2019 using the following combinations of search words: 

“Neurotox* AND nanoparticles AND gold” (47 hits) and “Neurotox* AND nanoparticles AND titanium 

dioxide” (60 hits). Publications directed at investigating the neurotoxicity of Au- or TiO2-nanoparticles 

(alone or co-exposed with other compounds) on animals, neuronal cells and organelles were included 

in the literature analysis. Publications were excluded from the analysis if the research involved 

metal(oxide) nanoparticles coated with other compounds or antibodies severely altering 

physiochemical properties of the nanoparticles, or if metal(oxide) nanoparticles were used solely for 

non-related purposes such as imaging, pesticide sensing, water purification or as carriers in 

personalized medicine or therapy. In total 53 publications were selected for Au-nanoparticles (7 

publications) and TiO2-nanoparticles (46 publications). No additional publications were found via the 

bibliography of these publications.  

 Seven publications investigating the neurotoxicity of Au-nanoparticles were selected (Table 

S1). Three of the studies used zebrafish as model organism, one study used adult male rats and three 

studies used human and animal-derived neurons or neuronal endothelial cells in vitro. The studied Au 

particles had a maximum primary particle size of 60 nm and thus were all classified as nanoparticles. 

Five studies used regular Au-nanoparticles and one study also investigated bulk Au-nanoparticles. Two 

studies used coated Au-nanoparticles; these coatings did not alter other physiochemical properties of 

the particle except surface charge. None of the selected publications on the neurotoxic effects of Au-

nanoparticles involved co-exposure with other compounds.  

 In total, 46 publications investigating the neurotoxicity of TiO2-nanoparticles were selected 

(Table S2). Seventeen articles described the use of rodents (mice and rats, both adult, adolescent and 

prenatal), sixteen studies conducted research on neuronal cell in vitro, eight studies used fish (adults 

and embryos). Five studies used marine invertebrates (organism or gametes), amongst which: 

Annelida (1), Echinodermata (1), bivalves (2) and planktonic crustaceans (1). One study investigated 

the toxicity of TiO2-NPs on isolated brain mitochondria derived from male rats. All studies used 

nanosized TiO2 particles, although some additionally used microsized particles. The diameter of the 

particles used in the experiment ranged from 5 nm to 1 µm. Different mineral structures of TiO2 

particles were investigated: anatase, rutile or a mixture of anatase and rutile. The crystal structure of 

TiO2-NPs influences the physicochemical properties and the utility of the particles. The anatase 

structure is most studied, and most studies only investigated TiO2 particles of one structure, although 

a few studies compared toxicity of the different structures. Several of the selected publications on the 

neurotoxic effects of TiO2-nanoparticles involved co-exposure with other compounds, such as 

cypermethrin, lead, polybrominated diphenyl ether, zinc oxide, zinc dioxide, aminoguanidine or other 

metal(oxide) nanoparticles.   



Table S1 – Overview of the literature investigating neurotoxic effects of gold nanoparticles (Au-NPs). The reported particle size reflects the diameter of primary particles. Every 
study included either a control group that was not exposed to Au-NPs or any other substance, or pre-exposure measurements were taken as a control.  

Abbreviations: Au-NPs: gold nanoparticles, AChE: acetylcholine esterase; BBB: blood-brain barrier; GSH: glutathione; MEE(E): 2-(2-(2-mercaptoethoxy) ethoxy) ethanol (neutral 
surface charge); MES: mercaptoethanesulfonic acid (negative surface charge); NPs: nanoparticles; SOD: superoxide dismutase; TMAT: trimethylammonium methanethiol 
(positive surface charge). 

Model system Particle type / size  Exposure method Exposure dose (Neuro)toxic effects  Ref. 

Fish      

Zebrafish (Danio rerio) Au-NPs of 14 nm For 20 days; 
exposure via 
water 
 

0.25 µg/L 
0.8 µg/L 

Oxidative stress in brain, mitochondrial metabolism detoxification 
and altered neurotransmission (0.8 µg/L); increased AChE activity 
(0.25 µg/L and 0.8 µg/L); no accumulation in brain tissue.  

[1] 
  

Zebrafish embryos   
(Danio rerio)  

Au-NPs of 0.8, 1.5 
and 15 nm with  
negative (MES), 
positive (TMAT) or 
neutral (MEE(E)) 
surface charge 
  

For 24, 48 and 
120 hours post- 
fertilization via 
embryo medium 

16, 80, 400 ppb 
2, 10, 50, 250 ppm  

Increased mortality and malformation (≥ 80 ppb TMAT, ≥ 400 pb 
MES); no explicit behavioral alternations; no changes after 
exposure with non-charged Au-NPs. 

[2] 

Zebrafish embryos and 
adults (Danio rerio) 

Au-NPs of 1.5 nm, 
with negative 
(MES), positive 
(TMAT) or neutral 
(MEEE) surface 
charge 
  

For 6 and 120 
hours post- 
fertilization via 
embryo medium 
 

50 µg/L (MES)  
10 µg/L (MEEE and 
TMAT) 

Locomotor hypoactivity and behavioral irregularities during 
embryonic stage (MES and TMAT); abnormal startle behavior in 
adult zebrafish (MES and TMAT); reduced survival after maturation 
(MES). 

[3]  

Mammals      

Adult male Wistar rats  Au-NPs of 10 and 
30 nm 

Once (acute) and 
daily for 28 days 
(chronic) 
intraperitoneal 
injection 
 

70 µg/kg 
 

Uptake of Au-NPs (both 10 and 30 nm) in brain (chronic ≥ acute); 
inhibition of energy metabolism in cerebral cortex (acute 10 nm, 
chronic 10 and 30 nm); induction of oxidative stress (SOD). 

[4] 
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In vitro cell culture      

N9 Microglial cells and 
human SH-SY5Y 
neuroblastoma cells 

Au-NPs of 60 nm For 6, 12 and 24 
hours; via cell 
culture medium 

103 and 2.6 x 109 
NPs/mL 
 

Uptake by cells in cytoplasm and vacuoles (2.6 x 109); increased 
oxidative stress (GSH) (6 and 24 hours, 2.6 x 103 and 2.6 x 109); no 
cytotoxicity; no change in cell viability; unaltered cell apoptosis 
biomarkers. 
  

[5]  

Rodent brain micro 
vessel endothelial cells 

Au-NPs of 3, 5, 7, 
10, 30 and 60 nm 

For 2,4 and 8 
hours; via cell 
culture medium 

50 µg/mL  
 

Significant decrease in cell viability (3 nm); insignificant change in 
BBB permeability; no alterations in inflammatory biomarkers. 
  

[6]  

Porcine brain micro 
vessel endothelial cells  

Au-NPs of 3 and 5 
nm 

For 8-12 days; 
via cell culture 
medium 
 

15 µg/mL  No significant change in extracellular pro-inflammatory mediators 
(Au-NPs); no significant alteration in permeability of BBB model. 
  

[7]  
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Table S2 – Overview of the literature investigating neurotoxic effects of titanium dioxide nanoparticles (TiO2-NPs). The reported particle size reflects the diameter of primary 
particles. Every study included a control group that was not exposed to TiO2 or any other substance, or pre-exposure measurements were taken as a control.  

Abbreviations: α-syn; α-synuclein; 5-HT: serotonin; AChE: acetylcholine esterase; AG: aminoguanidine; Ag: silver; A-NPs: anatase NPs; A/R-NPs: anatase-rutile NPs; Au: gold; 
BBB: blood-brain barrier; BDE: brominated diphenyl ether; CAT: catalase; Cyp: cypermethrin; DA: dopamine; GABA: gamma-aminobutyric acid; Glu: glutamate; GSH: 
glutathione; GST: glutathione-S-transferase; IL-6: interleukin 6; IP: intraperitoneal; IV: intravenous; LPO: lipid peroxidation; MDA: malondialdehyde; MPs: microparticles; NA: 
noradrenaline; NO: nitric oxide; NPs: nanoparticles; Pb: lead; R-NPs: rutile NPs; ROS: reactive oxygen species; Si: silica; SOD: superoxide dismutase; TiO2-NPs: titanium dioxide 
nanoparticles; ZnO: zinc oxide. 

Model system Particle type / 
size  

Exposure method Exposure dose (Neuro)toxic effects  Ref. 

Marine invertebrates      

Earth worm  
(Pheretima hawayana) 

TiO2-NPs of 20-40 
nm 

For 3, 14, 28 days 
exposure via 
sediment  

10, 50, 100 µg/kg  Decreased AChE activity (dose-dependent) (3 and 14 days > 28 
days, ≥ 10 µg/kg); increase of lipid peroxidation (MDA) (14 days, 50 
µg/kg and 28 days, 10 µg/kg). 
  

[8] 

Sea urchin gametes and 
developing embryos 
(Paracentrotus lividus) 
  

TiO2-NPs of 10-30 
nm 
 

For 1 hour to male 
gametes via water 

0.1, 1, 10, 100 
and 1000 µg/L 

Decreased AChE activity (1 µg/L TiO2). [9]  

Mediterranean clam 
(Ruditapes decussatus) 
 

TiO2-NPs of 10-15 
nm 
 

For 14 days; 
exposure via water 
 

50 and 100 µg/L Decreased AChE activity in gills (TiO2-NPs 50 and 100 µg/L) and 
digestive gland (TiO2-NPs 50 and 100 µg/L). 
  

[10]  

Chinese scallop  
(Chlamys farreri)  

TiO2-NPs of 21 
nm 

For 1-14 days; 
exposure via water 

1 mg/L Increased AChE activity in gills (≥ 5 days) and digestive gland (≥ 12 
days); increased lipid peroxidation (MDA) (≥ 3 days). 
  

[11]  

Planktonic crustacean 
(Daphnia magna) 
 

TiO2-NPs of 60 
nm, co-exposure 
with UV-Light and 
natural organic 
matter 
 
 
  

For 96 hours; 
exposure via water 

8 mg/L  Increased AChE activity (TiO2 with high UV intensity); attenuated 
effect in presence with organic matter. 

[12]  



6 
 

Fish      

Zebrafish embryos   
(Danio rerio)  

TiO2-NPs of 33 
nm 

For 96 hours post-
fertilization via 
water 

0.1, 1 and 10 
µg/mL 

Accumulation of TiO2 particles in brain (≥ 1 µg/mL); increased ROS 
generation (≥ 1 µg/mL); cell death in hypothalamus (≥ 10 µg/mL); 
increased expression of dementia related genes (≥ 1 µg/mL); loss 
of dopaminergic neurons (≥ 0.1 µg/mL); no increase in mortality. 
  

[13]  

Zebrafish embryos   
(Danio rerio)  

TiO2-NPs of 21 
nm 

For 72 hours post-
fertilization via 
water 

1 mg/L No differences in mortality or hatching rate; normal 
(neuro)development; no alterations in microglia distribution. 
  

[14]  

Zebrafish embryos   
(Danio rerio)  

TiO2-NPs of 7 nm, 
co-exposure with 
Cyp 

For 120 hours post-
fertilization via 
water 

1 mg/L TiO2 

(0.4, 2 and 10 
µg/L Cyp) 

Enhanced neurotoxic effects of Cyp and accumulation of TiO2; 
decreased locomotor activity; decreased neurotransmitter levels 
(DA, 5-HT, GABA); decreased gene expression important for 
(neuro)development. 
  

[15]  

Zebrafish embryos   
(Danio rerio)  

TiO2-NPs of 7 nm 
co-exposure with 
Pb 

For 6 days post-
fertilization via 
water 

0.1 mg/L TiO2 

(5, 10, 20 and 30 
µg/L Pb)  

Decreased gene expression for (neuro)development; enhanced 
locomotion activity. 
  

[16]  

Zebrafish embryos   
(Danio rerio)  

TiO2-NPs of 7 nm 
co-exposure with 
BDE 

For 7 days post-
fertilization via 
water 

0.1 mg/L TiO2 

(0.38 mg/L BDE) 
 

Absorption of BDE by TiO2-NPs; enhanced accumulation and 
neurotoxicity (mixture compared to BDE alone); no oxidative stress 
(ROS or LPO); no developmental toxicity. 
  

[17]  

Adult zebrafish  
(Danio rerio) 

TiO2-NPs of 33 
nm 

For 45 days (sub-
chronic) via water 

5, 10, 20 and 40 
µg/L 

Impaired spatial recognition memory; altered locomotor behavior 
(≥ 5 µg/L); decreased brain weight and accumulation of NP in 
brain, heart and liver (≥ 10 µg/L); decreased levels of NA, DA and 5-
HT (≥ 10 µg/L); neuron apoptosis and over-proliferation of glial 
cells (low doses); mitochondrial swelling in neurons (≥ 5 µg/L); 
accumulation of NPs in cytoplasm or nuclei of neural cells (≥ 5 
µg/L). 
 
 
 
  

[18]  
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Juvenile streaked 
prochilod  
(Prochilodus lineatus)  

TiO2-NPs of 21 
nm 

For 48 hours 
(acute) and  
14 days (sub-
chronic) via water 

1, 5, 10 and 50 
mg/L 

TiO2-NP accumulation in brain, liver and muscle (≥ 10 mg/L, 14 
days); decreased muscular AChE activity (1, 5 and 50 mg/L, 48 
hours); ROS generation (≥ 5 mg/L, 48 hours); increased GST activity 
(≥ 10 mg/L, 14 days); no decrease of AChE in brain; no alterations 
in locomotor activity and behavior. 
  

[19]  

Juvenile streaked 
prochilod  
(Prochilodus lineatus) 

TiO2-NPs of 21 
nm, alone and co-
exposure with 
ZnO-NPs of 70 nm 

For 5 and 30 days 
(sub-chronic) via 
water 

0.1, 1 and 10 µg/L 
(7, 70 and 700 
µg/mL ZnO) 
 

Decreased muscular AChE activity (10 µg/L, 5 days); increased 
AChE activity (1 µg/L TiO2 and 70 µg/mL ZnO mixture, 30 days); 
possible accumulation of TiO2-NPs in axons of the inner retina (0.1 
µg/L TiO2, 5 and 30 days); no mortality (all concentrations). 
  

[20]  

Mammals      

Mouse neonates 
CD-1 strain  
(Mus musculus) 

TiO2-NPs of 6.5 
nm  

Maternal oral 
insulation 
Daily from prenatal 
day 0 to postnatal 
day 21 

1, 2 and 3 mg/kg Dose-dependent impairment of learning and memory (≥ 1 mg/kg); 
thinning of cerebral and cerebellar cortex (≥ 1 mg/kg); changes in 
hippocampal neurons (≥ 1 mg/kg); decreased neurite outgrowth 
and neuron morphology alterations (≥ 1 mg/kg); genotoxicity of 
neurodevelopment genes (≥ 1 mg/kg). 
  

[21]  

Mouse neonates NMRI 
strain (Mus musculus)  

TiO2-NPs of 20 
nm 

Single maternal IP 
injection  

2 mg/L Disruption of fetal brain structure; cell death via necrosis; cerebral 
lesions and swelling. 
  

[22]  

Mouse neonates BLAB/c 
strain  
(Mus musculus) 

TiO2-NPs of 35 
nm 

Maternal  IV 
injection(s) (on 1 or 
2 days) 

100 µl/per mouse 
(0.8 mg per 
mouse) 
 

TiO2-NP accumulation in fetal brain; no TiO2-NP induced cellular 
toxicity or DNA damage. 

[23]  

Adolescent female mice 
(Mus musculus) 

TiO2-NPs of 5 nm  Intranasal 
administration 
Daily 90 days 

2.5, 5 and 10 
mg/kg 

Decreased brain weight (≥ 5 mg/kg); accumulation of TiO2-NPs in 
hippocampus (≥ 5 mg/kg); alterations in hippocampal area and 
hippocampal neurons (≥ 2.5 mg/kg); mitochondrial swelling (2.5 
mg/kg); impaired spatial recognition memory (≥ 2.5 mg/kg); 
reduced long term potentiation in hippocampal area (≥ 2.5 mg/kg); 
downregulation of NDMA receptor (subunits) (≥ 2.5 mg/kg) (all 
dose-dependent). 
  

[24]  
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Adolescent female mice 
(Mus musculus) 

TiO2-NPs of 5 nm Intranasal 
administration 
Daily 9 months  

1.25, 2.5 and 5 
mg/kg 

Hippocampal edema (1.25 mg/kg and 2.5 mg/kg); hippocampal 
lesions (5 mg/kg); dysregulation of Glu metabolism, increased Glu 
release and Glu-R availability (dose-dependent) (≥ 2.5 mg/kg). 
  

[25]  

Adults female mice CD-1 
strain 
(Mus musculus) 

TiO2-NPs of 5 nm Intragastric 
administration  
Daily for 60 days 

5, 10 and 50 
mg/kg  

Decreased brain weight (≥ 10 mg/kg); impaired spatial recognition 
memory (≥ 10 mg/kg); TiO2 accumulation in brain tissue (≥ 10 
mg/kg); alterations in brain structure (≥ 5 mg/kg); electrolyte 
content (≥ 5 mg/kg); enhanced AChE activity (≥ 5 mg/kg); 
decreased ATPase activity and neurotransmitter levels (NA, DA, 5-
HT and metabolites) (≥ 5 mg/kg). 
  

[26]  

Adult female mice CD-1 
strain (Mus musculus)  

TiO2-MPs of 1 µm,  
TiO2-NPs of 40 
nm and TiO2-NPs 
with Si coating of 
50 nm 
  

Intranasal 
administration 
Once in 2 days 
30 days 

500 µg/mouse Accumulation in cerebral cortex (SiTiO2-NPs) and striatum (SiTiO2-
NPs and 40 nm TiO2); alteration in morphology of neurons in 
cerebral cortex (SiTiO2-NPs and 40 nm TiO2) and hippocampus 
(SiTiO2-NPs); decreased DA, NA and 5-HT levels (metabolites). 
  

[27]  

Adult female mice  
(Mus musculus) 

TiO2-NPs of 5 nm Intranasal 
administration  
Daily 90 days 

2.5, 5 and 10 
mg/kg 

Uptake and accumulation of TiO2-NPs in brain and decreased brain 
weight (≥ 2.5 mg/kg); over-proliferation of glia cells (2.5 mg/kg); 
brain tissue necrosis (≥ 5 mg/kg); hippocampal cell death (≥ 2.5 
mg/kg); oxidative stress (ROS overproduction) (≥ 2.5 mg/kg). 
Note, this brain injury model may have impaired barrier function. 
  

[28]  

Adult male mice  
(Mus musculus) 

TiO2-NPs of 50-75 
nm 

Oral exposure 
Daily 21 days 

500 mg/kg Accumulation in brain tissue; increased ROS in brain; increase in 
NA, DA and 5-HT levels in cortex region. 
  

[29]  

Wistar rat neonates 
(Rattus norvegicus 
domestica) 

TiO2-NPs < 30 nm 
(alone and co-
exposed with AG) 

Orally (from day 1 
after fertilization 
until delivery, 
IP injection) 
 
  

200 mg/kg 
(200 mg/kg AG) 

Decreased neurogenesis, enhanced neuroinflammation (IL-6), 
oxidative stress (MDA and NO) and decreased antioxidant enzymes 
(SOD and CAT) in hippocampus, cerebellum and cerebral cortex.  

[30]  
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Wistar rat neonates 
(Rattus norvegicus 
domestica) 

TiO2-NPs < 100 
nm 

Maternal 
intragastric 
administration 
Daily 20 days  
  

100 mg/kg Increased cell apoptosis and decreased neurogenesis in 
hippocampus; altered apoptosis related gene expression. 

[31]  

Male Wistar rat neonates  
(Rattus norvegicus 
domestica) 

TiO2-NPs of 10 
nm 

Intragastric 
administration; 
Daily from 
gestational day 2 to 
21 
  

100 mg/kg Accumulation of TiO2-NPs in hippocampus; higher brain 
weight/body weight ratio; decreased cell proliferation in 
hippocampus; impaired memory and learning. 

[32]  

Young adult male Wistar 
rats (Rattus norvegicus 
domestica) 

TiO2-NPs of 10 
nm 

Intratracheal 
instillations 
Daily for 28 days 

1, 3 and 10 mg/kg Increased brain weight (1 mg/kg and 3 mg/kg); slowed evoked 
potentials of sensory and motor neurons (3 mg/kg and 10 mg/kg): 
No significant particle deposition in brain. 
  

[33]  

Young adult male Wistar 
rats (Rattus norvegicus 
domestica) 

TiO2-NPs of 10 
and 100 nm 

Intratracheal 
instillation  
5 days a week for 6 
weeks 
  

5 and 18 mg/kg Impaired motor function (100 nm, 18 mg/kg); latency in cortical 
action potentials (10 ≥ 100 nm, 5 mg/kg and 18 mg/kg). 

[34]  

Adult male Wistar rats 
(Rattus norvegicus 
domestica) 

TiO2-NPs of 5-10 
nm 

Oral exposure  
Daily 60 days 

50, 100 and 200 
mg/kg 

Decreased brain weight (≥ 100 mg/kg); decreased AChE activity 
plasma (≥ 50 mg/kg) and brain (≥ 100 mg/kg); increase in plasma 
IL-6 level (reverse dose-dependent) (≥ 50 mg/kg) and brain (dose-
dependent) (≥ 100 mg/kg). 
  

[35]  

Adult male Wistar rats 
(Rattus norvegicus 
domestica) 

TiO2-NPs of 21 
nm 

IV injection 
single dose, 
28 days post 
injection 
 
 
  

5 mg/kg 
(10 mg/kg Ag-
NPs) 

Antioxidant enzyme gene expression decreased; no lipid and 
cholesterol peroxidation. 

[36]  
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Adult and aged (19 
months) male Fisher rats 
(Rattus norvegicus 
domestica) 

TiO2-NPs of 21.5 
nm 

Aerosol exposure, 
4 weeks (5 days a 
week, 6 hours a 
day) 
  

10 mg/m3 Increased BBB permeability in aged rats; severe brain inflammation 
response in aged rats; no accumulation of particles in brain. 

[37]  

In vitro cell culture      

Murine microglial cells 
(BV-2) 

TiO2-NPs of 30 
nm  

5, 15, 30, 45, 60 
and 120 minutes 
6- and 18-hours 
incubation  
  

2.5, 5, 10, 20, 40, 
60, 80, 100 and 
120 ppm 

Internalization of NPs and NP aggregation in cytoplasm (6 and 18 
hours, 2.5 ppm); mitochondrial swelling (18 hours, 2.5 ppm); 
increased ROS (≥ 10 ppm, 30 min); no changes in cell viability. 
  

[38] 

Murine microglial cells 
(BV-2) 

TiO2-NPs of 20-30 
nm 

24 hours 
incubation  

0.1, 1, 10, 25, 50, 
100 and 200 
µg/mL 

Internalization of NPs (cytoplasm, vesicles and nucleus) (≥ 10 
µg/mL); reduced cell viability (≥ 100 µg/mL); increased cell 
membrane permeability (dose-dependent) (≥ 25 µg/mL); 
alterations in mitochondrial transmembrane potential (≥ 200 
µg/mL); ROS overproduction (≥ 10 µg/mL); no cell apoptosis. 
  

[39]  

Murine hippocampal 
neuron HT22 cells 

TiO2-NPs of 50 
nm 

6, 12, 24 and 48 
hours incubation  

12.5, 25, 50, 100, 
200 µg/mL 

Increased ROS (≥ 50 µg/mL); increased apoptosis (≥ 50 µg/m); 
increased apoptosis related gene expression and protein levels (≥ 
100 µg/mL); down-regulation of anti-apoptosis-related proteins (≥ 
200 µg/mL); reported endoplasmic reticulum stress (≥ 50 µg/mL). 
  

[40]  

Rat PC12 cells  TiO2-NPs of 33 
nm 

24 hours 
incubation   

1, 5, 25 and 125 
µg/mL 

Decreased cell viability (≥ 5 µg/mL); decreased DA levels (≥ 1 
µg/mL); increased α-syn mRNA levels (≥ 10 µg/mL). 
  

[41] 
 

Rat PC12 cells  TiO2-NPs of 20 
nm (A-NP and R-
NP) 
TiO2-MPs 1 µm  
 

24 hours  
incubation 

25, 50, 100 and 
200 µg/mL (A-NP) 
200 µg/mL (R-NP 
and MP) 
 

Decreased cell viability (A-NPs and R-NPs, dose-dependent) (A-NPs 
≥ 50 µg/mL and R-NPs ≥ 100 µg/mL); impaired cell membrane 
integrity (A-NPs > R-NPs > MPs) (≥ 25 µg/mL); ROS generation (A-
NPs > R-NPs, ≥ 100 µg/mL); increased LPO (A-NPs, ≥ 100 µg/mL); 
antioxidant enzyme (SOD, GSH) (A-NPs ≥ 50 µg/mL and R-NPs 200 
µg/mL); mitochondrial impairment, apoptosis, necrosis and cell 
cycle arrest (A-NPs, ≥ 100 µg/mL > R-NPs 200 µg/mL). 
  

[42] 
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Rat PC12 cells  TiO2-NPs of 20 
nm 

7 days 
incubation  

50, 100 and 200 
µg/mL 

Increased expression and aggregation of α-syn protein (dose-
dependent) (≥ 50 µg/mL). 
  

[43]  

Rat dorsal root ganglion 
neurons  

TiO2-NPs of 30 
nm, A/R-NPs and 
R-NPs  

5 hours incubation  0.5 and 5 µg/mL Internalization of NPs (0.5 and 5 µg/mL); increased apoptosis of 
dorsal root ganglion cells (0.5 and 5 µg/mL), sensory neurons (5 
µg/mL) and glial cells (0.5 and 5 µg/mL ) (dose-dependent); 
changes in axonal retrograde transport (5 µg/mL); ROS generation 
and increased inflammation (A/R-NPs only) (5 µg/mL). 
  

[44]  

Rat dorsal root ganglion 
neurons 

TiO2-NPs of 11-
215 nm (3 A-Np 
types, 3 R-NP 
types, 4 
polymorphs (80% 
A and 20% R) 
  

24 hours 
incubation 

0.5 µg/mL Induction of apoptosis (all but uncoated rutile-NPs); cell toxicity 
(A/R-NPs > A-NPs >> R-NPs). 

[45]  

Human (U373) and rat 
(C6) glial cells 

TiO2-NPs < 50 nm  24 hours 
incubation (time-
lapse microscopy) 

5 µg/cm2 TiO2-NP internalization by both cell types via endocytosis; 
accumulation in cytoplasmic vesicles; internalization of TiO2-NPs 
via macropinocytosis; neurotoxic effects not evaluated. 
  

[46]  

Human SH-SY5Y 
neuroblastoma and glial 
(D384) cells  

TiO2-NPs of 15 
nm  
 

4-48 hours acute 
7-10 days 
prolonged 
incubation  

1.5, 15, 31, 62, 
125, 250 µg/mL 
(acute) 
0.05, 0.1, 0.2, 1.5, 
15, 31 µg/mL 
(prolonged) 

Acute: Increased cell death (TiO2-NPs ≥ bulk) in both cell lines (≥ 15 
µg/mL NPs, ≥ 62 µg/mL bulk); cell membrane damage and 
alterations in mitochondrial functioning in glial cells and neuronal 
cells (≥ 125 µg/mL NPs and bulk) 
Prolonged: TiO2-NPs induced disruption of glial and neuronal 
colony formation (dose-dependent) (TiO2-NPs only, ≥ 1.5 µg/mL). 
  

[47]  

Murine primary 
hippocampal neuron  

TiO2-NPs of 5 nm 24 hours 
incubation 

5, 15 and 30 
µg/mL  

Reduced cell viability (dose-dependent) (≥ 5 µg/mL); 
internalization of NPs into the cytoplasm or nucleus (30 µg/mL); 
suppression of dendrite growth (dose-dependent) (≥ 5 µg/mL); 
increase Glu release and impaired Glu metabolism (dose-
dependent) (≥ 5 µg/mL); ROS generation (≥ 15 µg/mL); decreased 
ATPase activity (≥ 5 µg/mL). 
  

[48]  
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Human SH-SY5Y 
neuroblastoma cells 

TiO2-NPs of 21 
nm 

24 hours 
incubation  

0.1, 1, 10 and 100 
µg/mL  

Alterations in cell morphology and axon retraction (100 µg/mL); 
accumulation of NPs in cytoplasm and lysosomes (100 µg/mL) 
increased ROS generation (100 µg/mL); disturbed microtubule 
structure (100 µg/mL); no alterations in cell viability; no 
accumulation in nucleus. 
  

[49]  

Human SH-SY5Y 
neuroblastoma cells 

TiO2-NPs of 25 
nm, A-NP and 
A/R-NP 
 

3, 6 (and 24 only 
for viability 
assessment) hours 
incubation  

80, 120 and 150 
µg/mL  
(20, 40, 60, 80, 
100, 120 and 150 
µg/mL viability 
assessment) 
 

No decrease in cell viability and no morphological alterations; 
internalization of NPs (dose-dependent, A-NP > A/R-NP) (≥ 80 
µg/mL); cell cycle arrest at S-phase (inverse dose-response 
relationship) (A-NP > A/R-NP) (≥ 80 µg/mL); increase in apoptosis 
(≥ 80 µg/mL); interruption of mitochondrial membrane potential 
(dose-dependent) (≥ 120 µg/mL, 3 hours and ≥ 80 µg/mL, 6 hours); 
genotoxicity (≥ 80 µg/mL); no oxidative stress. 
  

[50]  

Rat primary cortical 
culture 

TiO2-NPs < 100 
nm  

24 hours 
incubation   

0.5, 5 and 10 
µg/cm2  

Internalization of particles (TiO2 ≥ 5 µg/cm2); alterations in 
neuronal activity (1 ≥ µg/cm2); ROS generation (TiO2 only) (5 ≥ 
µg/cm2); no alterations in neuron network morphology. 
  

[51]  

Rat primary cortical 
culture 

TiO2-NPs of 6, 25, 
31 nm, TiO2-MPs 
0.14 µm 
  

1, 24 and 48 hours 
incubation  

3.1, 6.3, 12.5, 50 
µg/mL 

Alteration in neuronal activity (25 nm TiO2) and number of active 
electrode (25 and 31 nm TiO2).  

[52]  

Isolated brain 
mitochondria from adult 
male rats in vitro 

TiO2-NPs of 30-35 
nm 

1 hour incubation 5, 10 and 50 
µg/mL 

Significant increase in lipid peroxidation (≥ 5 µg/mL); mitochondrial 
protein oxidation (≥ 5 µg/mL); alteration in mitochondrial 
metabolism (≥ 5 µg/mL); increase in antioxidant enzyme (≥ 5 
µg/mL) (all dose-dependent). 
  

[53]  
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